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Abstract 


ABs-type MH alloys with Mm (Misch metal) as the A part (with varied rare earth contents in Mm) were investigated for rare earth by XRF 
analysis and battery performance by life cycle tests with an objective of understanding the influence of rare earth content on electrochemical 
hydrogen storage. The La/Ce ratio was found to vary from 0.51 to 18.73. The capacity output varied between 179 and 266 mAh g~!. The results 
show that the La/Ce ratio has a strong influence on the performance, with the best performance realized with samples having an La/Ce ratio of 
around 12. La enhancement facilitates easy activation due to refinement in grain size and interstitial dimensions. Also, an orderly influence on 
crystalline structure could be seen. The study demonstrates that the rare earth content is an essential factor in determining the maximum capacity 
output because of its influence on crystal orientation as well as an increase in the radius of the interstitials, lattice constants and cell volumes. 


© 2007 Elsevier B.V. All rights reserved. 
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1. Introduction 


Hydrogen storage alloys have been in the highlighted recently 
due to the projected importance of “Hydrogen Energy” [1]. An 
important aspect in the development of hydrogen as an energy 
carrier concerns the use of metal hydrides for hydrogen storage 
[2]. Metal hydrides such as those based on ABs5-type alloys are 
also amenable for chemical, mechanical or thermodynamic work 
as in electrochemical cells [3], hydrogen compressors [4,5] ther- 
modynamic machines [6,7] and space projects [8]. Recently, the 
alloy (Lao.6gCeo.17Pr0.05Ndo.10)Ni3.55C00.75Mno.40Alo.30 was 
used in the production of sorbitol by electrolysis of glucose 
[9]. Rare earth-based AB5-type alloys and Zr-based laves phase 
alloys have been exploited as negative electrode materials in 
commercial Ni/MH cells [10,11]. The ABs-type hydrogen stor- 
age alloys have seen large-scale production in several countries, 
particularly Japan, USA and China [12,13]. Ni-MH batteries 
are seen as promising high-capacity portable power sources 
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especially for electrical traction [14]. Investigations of ABs- 
type rare earth-based hydrogen storage alloys are being pursued 
in order to improve their electrochemical characteristics and to 
reduce cost of production [15,16]. The discharge capacity of 
advanced ABs-type negatives of Ni-MH batteries has reached 
310-330 mAh g~! [17]. Further improvement in the capacity of 
ABs-type alloys seems to be difficult since the theoretical capac- 
ity of LaNis is about 372mAhg™!. Moreover, low capacity 
of ABs5-type alloy electrodes and difficult activation charac- 
teristics of Laves phase alloy electrodes limit their extensive 
application [18,19]. The poor cycle stability of alloy electrodes 
is attributed to large expansion in cell volume as well as corro- 
sion of La during the charge/discharge processes [20]. In recent 
years, however, Ni-MH cells face an additional threat in the 
form of competition from the burgeoning lithium-ion market 
[21]. Therefore, investigations into alloys with higher capaci- 
ties and longer cycle life are crucial. However, the effect of rare 
earth content on electrode performance has received only scant 
attention [22,20]. 

Zhang et al. [22], who studied the effect of substituting Mm 
with La on the electrochemical performances of as-cast and 
quenched alloys, found that the substitution led to a marginal 
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increase in capacity retention and had an insignificant effect 
on the activation capabilities. The effect of La/Mg ratio on 
the structure and electrochemical properties of La,.Mg3_,Ni9 
(x=1.6-2.2) ternary alloys was also investigated [20]. An 
increase in the La/Mg ratio led to increased cell volume and 
hydride stability. 

Because La is costly, its replacement with the relatively 
cheaper Misch metal can be attractive. Permutations and com- 
binations within permissible limits in the composition of Misch 
metal can vastly alter its properties. Among factors that can 
affect its properties, La/Ce ratio is believed to have a signifi- 
cant effect on electrochemical hydrogen storage. However, no 
detailed study is available in literature. Hence, in the present 
study, two series of ABs MH alloys (with low and high Mn 
contents) with Mm (with wide variations in rare earth content) 
in the A part have been investigated. While X-ray fluorescence 
was used for analyzing the rare earth content, charge—discharge 
cycling was used for assessing battery performance. 


2. Experimental 


ABs alloys of the type MmNi3.5Cog.gMno 4Alo.3 with exten- 
sive modifications in the A part (produced by arc melting at 
DMRL in collaboration with CECRI) were used for this study. 
The purity of the constituent elements was above 99 wt.%. Two 
series of alloys (with low and high Mn contents) were prepared. 
The alloys were annealed and crushed into powder (<75 um). 
The test alloy (1 g) was mixed with KS44 graphite powder 
(20%), carbonyl nickel (10%) and silver oxide (10%). PTFE 
was used as binder and the active material paste was applied 
over a nickel foam substrate. The metal hydride electrode was 
compacted at an appropriate pressure and heated at 120°C for 
1h. The geometric area of the negative electrode was 1 cm? and 
the thickness was 1.5 mm. For cycling studies, the negative elec- 
trode was sandwiched in between two sintered NiOOH/Ni(OH)2 
positive electrodes with a ‘Scimat’ separator. A 6 M solution of 
KOH was used as the electrolyte. A Bitrode LCN life cycle tester 
was employed for life cycle studies. Cells were tested at a C5 
rate to a discharge cut-off voltage of 1 V at 303 + 1 K. In every 
cycle, the cells were overcharged by about 30% after a 15 min 
pause. XRF measurements were performed on a HORIBA XRF 
Analyzer in non-standard mode. XRD patterns were recorded 
on a PANalytical X’ per PRO model diffractometer with Cu Ka 


(2.2 kW maximum) radiation. The XRD data were analyzed by 
a ‘Crysfire’ indexing package. 


3. Results and discussion 


3.1. Physical characterization 


3.1.1. XRF analysis 

The results of the XRF analysis are presented in Table 1. 
An objective in modifying LaNis-based hydrogen storage alloys 
with small amounts of La and Ni is to increase the cycling life 
of metal hydride electrodes. However, this modification some- 
times causes an undesirable increase in the activation time and 
a decrease in the hydrogen storage capacity. Beneficial effects 
of substitution of La by Ce, Y, and Nd on the cycle life of 
metal hydride alloys have been reported [23-25]. In commer- 
cial AB5-type metal hydride electrodes, quite good performance 
was obtained using Mm in place of La, where Mm is a naturally 
occurring mixture of the rare earth metals with a composition of 
(at.%) Ce: 50-55, La: 18-28, Nd: 12-18, and Pr: 4—6 [23]. Since 
Ce is the predominant rare earth metal in normal Mn, the role of 
this element has been investigated in more detail [25]. Results 
indicated an improvement in the cycle life due to the presence 
of Ce, and this effect has been attributed to the formation of 
a passivating layer of oxide on the alloy particle surfaces. It is 
well known that in such materials the La/Ce ratio is crucial in 
deciding the battery performance. The La/Ce ratios in the alloys 
are given in Table 2. 


3.1.2. XRD analysis 

The results of XRD analysis of selected MH alloys with low 
Mn content are shown in Fig. 1. It can be seen that the sam- 
ple with an La/Ce ratio around 0.5 can assume a monoclinic 
crystalline structure whereas the samples with high La/Ce ratios 
assume a orthorhombic structure. A close examination of the 
XRD patterns also reveal that samples with very low La/Ce 
ratios had additional phases, while those with very high La 
contents had an additional hexagonal phase. The unit cell vol- 


ume increases from 494.21 A}, corresponding to La/Ce ratios of 
around 0.5, reaching amaximum of 1161.83 A? for samples with 


an La/Ce ratio of around 1, and stabilizes at around 796.25 AB 
for samples with higher values. Some amorphous nature devel- 


Table 1 

XRF data of MH alloys 

ALLOY Al Si Mn Fe Co Ni La Ce Pr Nd Pm 

Alloys with low Mn content (%) 
I 1.44 9.43 0.09 1.18 9.80 39.91 10.48 20.66 4.14 2.22 0.66 
Il 3.07 5.22 0.08 0.83 8.91 39.16 17.32 17.47 2.62 4.54 0.78 
Il 2.25 5.62 0.10 0.25 5.85 40.42 36.34 3.83 3.61 1.71 0.01 
IV 1.48 6.29 0.00 0.16 7.50 37.80 41.79 3.33 0.40 1.23 0.02 
Vv 1.63 5.53 0.06 0.13 8.30 38.11 39.70 2.12 3.01 1.40 0.00 

Alloys with high Mn content (%) 
VI 0.81 6.40 5.04 0.22 8.98 36.90 11.02 21.25 6.19 3.18 0.02 
VII 1.27 5.72 4.71 0.41 9.40 37.75 13.28 20.63 4.16 2.01 0.66 
Vill 0.52 5.63 4.04 0.51 8.34 37.71 36.57 3.14 2.47 1.06 0.01 


230 M.V. Ananth et al. / Journal of Power Sources 167 (2007) 228-233 


Table 2 
Influence of rare earth content (La/Ce) on performance of MH alloys 


Alloy La Content Ce Content (La/Ce) Ratio Max. capacity mAh g7! 
Alloys with low Mn content (%) 
I 10.48 20.66 0.51 186.00 
Il 17.32 17.47 0.99 210.00 
Il 36.34 3.83 9.49 223.00 
IV 41.79 3.33 12.55 233.00 
Vv 39.70 2.12 18.73 180.00 
Alloys with high Mn content (%) 
VI 11.02 21.25 0.52 179.00 
vil 13.28 20.63 0.64 188.00 
Vill 36.57 3.14 11.65 266.00 


ops for samples with La/Ce ratios around 1. There is a marked 
change in the values of the lattice parameters a, b and c for sam- 
ples with La/Ce ratios up to around 10 (as seen in insets in Fig. 1). 
However, above this range the values of the lattice parameters 
get stabilized. Thus, an orderly influence of the La/Ce ratio on 
the XRD patterns can be seen in alloys with low Mn contents. 
Results of the XRD analysis of selected MH alloys with high 
Mn contents are shown in Fig. 2. An La/Ce ratio of about 0.5 
corresponds to a tetragonal crystal structure with a unit cell vol- 


ume of 722.86 AB. An La/Ce ratio of about 12 corresponds to 
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an orthorhombic crystal structure with a unit cell volume of 


528.73 A3. It is seen that the unit cell volume decreases as the 
Mn content increases. 


3.2. Electrochemical performances of the alloys 


3.2.1. Discharge capacity and cycle life 

The variation in the discharge capacity of the alloys as a 
function of cycle number is illustrated in Fig. 3(a and b). It 
is well known that fade in capacity for alloy electrodes can be 
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Fig. 1. (a) X-ray diffractogram of sample with La/Ce ratio about 0.5. (b) X-ray diffractogram of sample with La/Ce ratio about 1.0. (c) X-ray Diffractogram of 
sample with La/Ce ratio about 10.00. (d). X-ray Diffractogram of sample with La/Ce ratio about 15.00. 


M.V. Ananth et al. / Journal of Power Sources 167 (2007) 228-233 231 


Intensity (arb. units) 


29 (degree) 


Intensity (arb. units) 


10 20 30 40 50 60 70 
29 (degree) 


Fig. 2. (a) X-ray Diffractogram of high Mn content sample with La/Ce ratio 
about 0.5. (b) X-ray Diffractogram of high Mn content sample with La/Ce ratio 
about 12. 


influenced mainly by two factors: surface passivation due to oxi- 
dation of active composition and pulverization of alloy particles 
resulting from repeated volume changes during the hydrogen 
absorption/desorption processes [19]. Among the two, the latter 
seems to be more crucial in influencing the cycling stability of 
alloy electrodes since the alloys contain the same constituent 
elements [26]. The anti-pulverization capability depends on the 
strength and toughness of the alloy. Generally, grain refinement 
and formation of an amorphous phase increase the strength and 
toughness of the alloy. This could enhance the cycle life of 
the alloy significantly. In addition, the amorphous phase can 
enhance the anti-corrosion ability of the alloy in corrosive elec- 
trolytes, further enhancing the cycle life of the alloy. 

It can be inferred from our results that La/Ce ratio has a 
definite influence on the discharge performance of the alloy, 
especially on the maximum discharge capacity. As described in 
a previous work [27], the activation time and the cycle life of the 
electrodes depend on the effect of hydrogen absorption and on 
the structure of the alloy crystalline unit cell. Also, substituting 
Mm with La leads to an obvious change in the microstructure of 


the alloys. The capacity output varies from 179 to 266 mAh g7!. 
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Fig. 3. (a) Life cycling of MH alloys with low Mn content. (b) Life cycling of 
MH alloys with high Mn content. 


A detailed analysis of the results in terms of the composition of 
the alloys can be seen in the following sections. 

The influence of the La/Ce ratio on the performance of the 
samples is shown in Table 2. It can be seen that in most of the 
samples, the maximum discharge capacity increases with La/Ce 
ratio up to a value of about 12 and decreases thereafter. This is 
true with samples with low and high Mn contents. This implies 
that the amount of rare earth in the alloy has a significant effect 
on the performance. Furthermore, the amount of rare earth is an 
essential factor that determines the maximum capacity output. 
In fact, samples with the maximum capacity had a high La/Ce 
ratio, around 12. This is due to the fact that substituting Mm 
with La influences crystal orientation during the alloy crystal- 
lization process [17]. The lattice constants and cell volumes of 
the alloys increase with increase in the amount of Mm. It is 
generally accepted that hydrogen storage alloys with larger unit 
cell volumes would result in more sites available for hydrogen 
storage. An increase in cell volume as well as grain refinement 
is favorable for the diffusion of hydrogen atoms. The smaller 
the grain size and larger the crystal boundary area, the more are 
the channels for hydrogen diffusion. Factors such as those above 
that facilitate the diffusion capability of hydrogen improve the 
activation capability and discharge rate capability of the alloys. 

An analysis of the life cycle profiles of different categories 
of samples with different rare earth contents reveals interest- 
ing results. The samples I, IH, VI and VII have La/Ce ratios 
less than 1. Sample I attains a stable, but low capacity for an 
extended number of cycles after a regular decline from a high 
capacity. Sample II, after an initial increase, shows a parabolic 
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Table 3 
Influence of rare earth content (La/Ce) on activation performance 
ALLOY (La/Ce) Ratio n 
Samples with low Mn content 
I 0.51 6 
II 0.99 1 
m 9.49 3 
IV 12.55 6 
Vv 18.73 1 
Samples with high Mn content 
VI 0.52 4 
vil 0.64 4 
VII 11.65 3 


fall in capacity. Sample VI, after an initial increase and stability, 
exhibits a regular fall followed by steep fall in the concluding 
stages. Sample VII shows a regular decline with an onset of a 
sudden drop after 20 cycles. In general, most of the samples 
either show a regular fall or a fall after an initial increase. 

Samples IV and VII have very high La/Ce ratios, i.e. above 
10. Sample VII after an initial increase shows a rapid fall in 
capacity up to 8 cycles, a fairly stable capacity for a further 15 
cycles, followed by a rapid decrease. Sample IV, after requiring 
few cycles for activation, shows a rapid fall in capacity up to 20 
cycles and thereafter shows a fairly stable capacity in the next 80 
cycles. Thus, it is seen that despite belonging to the same class of 
materials with very high La/Ce ratios, there are wide variations 
in the discharge patterns. It seems difficult to generalize their 
behavioral pattern. 


3.2.2. Activation performance 

The activation performance is characterized by the initial acti- 
vation number. The initial activation number, n, is defined as the 
number of charge—discharge cycles required to attain the maxi- 
mum discharge capacity through a charge—discharge cycle at a 
constant current drain. Generally, the activation performance of 
the alloy is closely related to its phase structure, surface charac- 
teristics, grain size and interstitial dimensions. It is also directly 
relevant to changes in the internal energy of the system before 
and after hydrogen absorption. The larger the additive inter- 
nal energy (which originates from the oxidation film formed on 
the surface of the electrode alloy) and greater the strain energy 
(which is produced by hydrogen atoms entering the interstitials 
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Fig. 4. (a) Discharge patterns of MH alloys with low Mn content. (b) Discharge 
patterns of MH alloys with high Mn content. 


of the tetrahedral or octahedral of the alloy lattice), the poorer 
is the activation performance of the alloy [28]. Moreover, the 
initial activation capability could decrease due to an increase in 
lattice stress and the formation of an amorphous phase [29]. 
The activation numbers of the alloys are shown in Table 3. 
Even though no regular trend could be seen from the results, 
it appears that an increase in the La/Ce ratio facilitates easy 
activation. This could be attributed to a refinement in grain size 
and to interstitial dimensions resulting from La enhancement. 


3.2.3. Discharge pattern curves 
Discharge profiles of the samples are shown in Fig. 4(a and 
b). It can be seen that except in some cases the shape of the 


Table 4 

Detailed analysis of discharge patterns 

Alloy (La/Ce) Ratio First Range 

Samples with low Mn content 
I 0.51 1.40-1.27 
II 0.99 1.42-1.20 
Il 9.49 1.38-1.25 
IV 12.55 1.42-1.275 
Vv 18.73 1.41-1.26 

Samples with high Mn content 
VI 0.52 1.40-1.25 
vil 0.64 1.40-1.20 
vil 11.65 1.38-1.27 


Second Range Comments 
1.27-1.14 Sloping II Portion 
1.25-1.07 A kink before onset of II curve 
1.25-1.02 Oscillations in H Portion 
1.275-1.04 Sloping II Portion 
1.26-1.10 Sloping II Portion 
1.25-1.10 Flat II Portion 
1.20-1.10 Oscillations in II Portion 
1.27-1.07 Sloping II Portion 
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discharge curves are nearly same for all the alloys. A detailed 
analysis of the discharge profiles is given in Table 4. 


4. Conclusions 


Our results reveal that the discharge capacity of samples with 
La/Ce ratios 0.51-18.73 varies between 179 and 266 mAh g™!. 
As per expectations, the rare earth content has a significant effect 
on the performance of the alloy. It is concluded that the amount 
of rare earth in the alloys is an essential requirement in order to 
realize high capacities. The optimum La/Ce ratio is 12. More- 
over, the definitive influence of the La/Ce ratio on the alloy 
performance can be traced to its crystal structure. 
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